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NASA Mission 
Needs 


* Onboird computing syrtem* for future autonomous 
intelligent vehicle* 

- powerful 

- compact 

- tow power consumption 

- radiation hard 

* High performance computing (Ter*- *nd Pet* -flop*) 

- processing satellite data 

- integrated space vehicle engineering 

- dimate modeling 

* Smart, compact tensor* 

* Light weight display* for ipace vehicle* 

* Advanced instrument* lion for rpace astronomy 



liitp.//www ipf.arc nasa gov/i tides him! 


V l Kfev. :<V«-D SavaiUvj 


D 'tiriittu i 2 1 





techniques 



• Large Scale Classical Molecular l)> namics tin 
a Shared Memory Architecture Machine 

I'c: .otr-IWuin r reactive many -body potential (or hydrocarbons 
1 .ong Range (6- I - 1 Van tier Walls internet tons 


Parallel implementation on a shared memory OngniJiXh) 
niacin ne 

Srivusfcun and Barnard - IEEE SuperComputlng *97 


• Quantum Molecular Dynamics Methodology 

Tight-binding molecular dynamics in an non-orlhogonal 
atomic basis i(. TBMIM method. 

lYeviims Paramctri/ation : Silicon and carbon 

M Mt-imn and k R. >ubb;ivw aim . Phys. Rev. B <1995-941 

Lvtended to lieteroatomie systems including: C, B, N 

V* A ’ * Sj i« 

Cltcm Pliys Lett Vol 307. 407 < 1999) 
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jllxCyN/. ('omposili 1 Nanotul>es and Junctions 





Band gap engineering over a larger range should be 
possible: 


RN 

- 5.5 eV 

IH\N 

- 2.0 eV 

C 

- 0 - 1 eV 

bc 3 

- 0.5 eV 


- a variety >vf junctions. i;umi1um dots and 
sii periathr 'ir> should he possible 


- should be more robust 


9 Example: Composite (10,0> nanotube 

0..U eV/atmn (USeWalom U..\7e V/hUhh 



reconstruction due to 
|N*lar HN bond 

JUW-L> >11.4.14'.! 
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I Composite Nanotubes and Junctions 


B doping oM arbmi Nanoluhe 
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• R VC Junctions 



Interface Energy = 2*BN/C - BN - C 
Interface Energy = O.J3«V/CB bond 

Stable interfaces should In- po*>ible ! 



Nano Mcchano- Electronics I 


0 Mech.Huc.il deformation* alter the Electronic Characteristics 
of NdiKMubes 


10* coipniMl (9. Of tub* ^ ^ (— ! ' ’ ’ I 
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Nano Mec ha no- Electronics II 


Example: bending and torsion of arm-chair ( 10. IU) nanotubc 

Bonding 




" , wvA 

_ rif^vCZl 


-4-2 *3 2 4 

Energy {eVJ 



v^*^ZZZZZ.^ 
.^A 

— .wvA 

[ ^Ax^AZZ] 


Energy (eV) 


N.iiio mccl tain >-e led nvino tiled' are -mv; dc|>ciidcrH 
tilt tulve < :■ i i 


4 










Technique Development f ocus I 


Larue Scale Classical Molecular Dynamics mi 
a Shared Memory Architecture Machine 


0 liteoner . reactive nianv both potential ? or hyduvarhons 
Long Range (<>- lit \\ui dei WalD interactions 


• Parallel i mpleirenlafinn an a 'hurcil memory < )ri gut 2000 
machine 

• ( 'eli method 

• Spatial Decomposition lor Neighixirlisi 

• Lexical [.Vcompu-mon tor Force Calculation' 
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Technique Development Focus II 

Quantum Molecular Dynamics Methodology: 

V = t r f l ! * l* 

rl rep II 

V = Sum ( one electron energies! 
el 

U = Sum [ repulsive pair potential 1 , , 

rtrp occupied 

Nnn-ollmgonal atomic basis ( ■ l’H\|l> method 

Secular Eq. det{ h - Es.. } =0 

■J M 

The forces on an atomic coordinates are given by 
F x = - dl'/dx 

Molecular Dynamics : system is dynamically evolved 
at each time step 




Previous Parainetrizatiou : Silicon and carbon 

M. Menon and K R subbaswamy. Phys. Rev B ( 1993-94) 


Hfiart 7: Scmlbtf aftbc parallel llmuf'i patmU ctr+t m (to SOI 

OrigtoMM. ttwpcuriii mt a tew -<*all carkaa *t*M ita wtah M4M 


Extended to hetemnloniic systems including: Si. C. B, N 
M Menon and D Snvastavu. Phys Rev Lett, submitted (98 > 


Srivastava and Barnard - IEEE SuperComputing *97 



Research Focus l 

Nanotube - Nanomechanics/materials 



• Nanotubcs are extremely strong highlv elastic nanofibers 
- high value of A mint* modulus 
steel - 0.2 TPa 
swnt - 1.2 TPa 

# Dynamic response of nanolubes to ballistic deformation 

axial compression, bending and torsion 
- comparison between SWNT and MW NT behavior 

( Axial Compression) 


SWNT MW NT 



- redistribution uf '.train 
'harp buckling leading to bond rupture 
S\\ \ l is stiller than the MW VI 


1 — Ih.mhI 1 Nrfm 



:u<i n 








l.nder Compression;! I strain two modes are observed 

• Linear response regime ( V - 1.3 TPa) followed by 

- <a> - long multi-wall mmo tubes behave as elastic rods that pinching/buckling idassical Ml>> or collapse/plasheity 

buckle, bend and lixip {quantum \tl)). 


thin walled nanotubes locally collapse or fracture rather 
than buckle 
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BN N;inniiitH*s - Nanomcchanics 

App L i. ;a " ion .3 1 Z 

£ BN raiaforct conpoaitsi with anisotropic 


plasticity 

Nanostructurad 3kia 3£fact ! ! 



!IW) - f) 


m 




Carbon-based Electronics 


molecular wires 

topological defect mediated 
hetero— junctions - switching 
tmnsisling 
tunneling devices 


( nano tubes doped with B and \ 
BN nanotubes (insulator - 5eV gap) 
he tero junctions 
superlattices 


t omb ination of the atom* two - to taylor 
the probable device characteristics 


interconnects - Carbon/ metal junctions 



Carbon Nanotube Electronics Band Structure 


l basics ) 



Hexagonal Lattice ot a Graphene First Bnlloum /one lor an arm- 
Sheet - i -xnnit ceil > chair tube 
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(9,0) tube ( 10,0) tube (5.5) tube 
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< ‘urhon based Klee Ironies I 


Carbon bused Klee Ironies II 


2- point Nanotube Heterojunct ions 
Molecular Electronic Switches 



<UU»-( 6 , 6 > < 9 .n>-< 5 . 5 ) ( 12 ^ 1 )- ( 11 , 0 ) 


Straight Junctions 




Bent Junctions 

Chico et. al Phys. Rev Lett . 96 
Charlier et. aJ Phys. Rev B. 96 
Lambine et. at. Chcm. Phys Lett.. 96 
Salto et. aJ Phys Rev B, % 


We studied the effect of tapping the lulnrs and relaxing the 
junctions with a quantum GTKMD method. 
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rV't- ~'TJ' |. 1)OS of ( 10,0)— 1 0.0 1 “T-junction 


3-terminal "T-tunnel" Junctions of Nanotubes 


Room K mjxrraturo Nannitilie Transistor tcxpil 


Carbon based Electronics III 



S J. I ans et. al.. Nature i - Delft Group. - C. Dekker 


Sn in let measurements and coni igurut ion t or both SWNT 
aiul V1WVT li.ne been studied by Ph Avnuns.ind Iiis 
co workers al IBM Vorkiosvn ! lei&hiv 



Metal-Semiconductor- Metal 
"Y" funnel Junction 


A four-terminal nanotubc helerojunction 


"It turns out that all of our proposed junctions satisfy - i .i-m-rdm-d 
I tiler's Uni. pi bout the global lo|*4ogy of connected networks 


\ < I I Itio. lbs. I fit. (<»si 








